Low-velocity/low-energy edge impact and quasi-static experiments have been carried out on carbon fiber-reinforced plastic structures. A drop-weight testing machine has been used to impact four different uni-directional laminates at 10, 20 and 35-J impact energy levels. In parallel, a quasi-static study has been carried out to compare its results with the impact ones. The residual behavior will be provided by the compression after impact tests. The impact results show that the static and dynamic behaviors are different. The difference between static and dynamic edge impacts, to understand the impact damage scenario, is explained with the help of an analytical approach irrespective of the stacking or impact energy. This approach provides good results regarding the dynamic and static initial stiffness along with the crushing plateau. It has been observed that the fiber properties control the initial impact stiffness, while in the quasi-static indentation case, the properties of the matrix control the initial indentation stiffness; whereas the crushing plateau is also controlled by the matrix properties.
Introduction
Composites are widely used in the field of aeronautical engineering. These structures are especially vulnerable to foreign object impacts during manufacturing operations or maintenance, and, at the same time, significant damage can occur that might remain undetected by visual inspection. 1 An important consideration these days especially in the field of aeronautics is to replace metallic materials by composites in order to save weight. Metallic materials and their associated plasticity is a well-researched area for many years; however, many such things have to be learnt about composite behavior where the damage prediction remains very challenging. [2] [3] [4] [5] Consider an example of a composite center wing box of an airplane where there are many free edge internal stringers (Figure 1 ), which are extremely loaded and are designed to resist buckling to keep the structure safe. Now, if a tool is unintentionally dropped on the stringer edge during manufacturing or maintenance, its residual properties can be drastically reduced. 6 In order to aeronautically certify these structures, it is necessary to demonstrate their impact resistance depending upon the impact damage detectability, which is the concept of damage tolerance. 6 With the help of impact damage tolerance and by defining the damage scenario, it is possible to study and improve the edge impact damage tolerance.
The current edge impact detectability threshold criterion in aeronautical industry is based on dent depth and crack length ( Figure 2 ). If the damage is not visibly detectable, i.e. when the impact indentation is less than barely visible impact damage (BVID), then the structure has to support the extreme loads that it is subjected to. However, if the damage is detectable, i.e. when the impact indentation is bigger than BVID, another criterion must be considered, such as repair or change of the structure. 6 Many studies have been carried out on composite skin impact issues, and the damage mechanism is now fairly well developed. 1, [7] [8] [9] A low-velocity/low-energy impact on a uni-directional (UD) composite laminate induces three types of damages: matrix cracking, fiber fracture and delamination. 1, 10 The first type of damage is conventionally matrix cracking. Then, as the damage grows, delamination quickly occurs. An interaction between these two damage phenomena is also clearly visible during the impact tests. 10 However, if the focus is shifted from skin to edge, then there seems a lack of knowledge regarding damage tolerance. To the author's knowledge, only two researches have been conducted in this regard, 11, 12 which well elaborate the after impact vulnerability. However, the impact damage scenario is missing to predict an accurate failure by taking into account the physical controlling mechanisms. 13 The understanding and modeling of the edge impact scenario is the key to be able to predict the residual strength, which will be helpful in optimizing composite structures under low-velocity impact. Even if the damage types developed during an edge impact are similar to the classical ones arising during a skin impact, i.e. matrix cracks, delamination and fiber failures, some phenomena like compressive fiber failure or wedge effect that are of minor importance during skin impact become important in case of edge damage. Furthermore, the damage scenario of the edge impact test shows similarities with those of the crushing test. 14, 15 The typical load-displacement curve of composite laminate under progressive crushing is shown in Figure 3 (a), where a peak load is generally observed during crushing initiation, after which the crushing process turns into progressive crushing that is characterized by a relatively constant force (plateau) with eventual oscillations. This curve is relatively similar to the ones observed during edge impact test ( Figure 7 ). Hull 15 has classified the crushing process into two main failure modes ( Figure 3 ). The first one is known as the splaying mode (Figure 3 sides of a main crack, and the broken fibers and resins trapped at the crushing zone can lead to the formation of debris wedge on the surface of the crushing platen. The second one is called the fragmentation mode ( Figure 3 (b)) in which the plies sustain multiple short length fractures due to pure compression, transverse shearing and sharp bending, which lead to the formation of small fragments in the crush zone. These two failure modes are also observed during the edge impact test ( Figure 8 ).
Nowadays, structural strengthening (weight additions) is mostly used for protection against edge impacts, which needs improvement as additional weight, and is a major concern in aircraft industry. Therefore, it is important to study in detail the edge impact phenomenon and to define the damage scenario, in order to identify the parameters that affect the residual strength after impact. This way, it will be possible to improve the stringer's impact damage tolerance.
The aim of this paper is to carry out impact and compression after impact experiments in order to establish the damage scenario. A vertical drop-weight testing device has been used to perform the edge impacts on different stacking laminates. At the same time, a quasistatic study has been conducted in order to compare its results with the impact ones. Precise microscopic examination and X-ray (XR) analysis have also been done to closely visualize the damage scenario. Compression tests have also been performed to determine the residual strength after edge impact.
Materials and methods

Specimen definition
First of all, a test specimen has been fabricated to perform preliminary understanding of the phenomenon, which is a representative of the current needs identified above. T700/M21 UD carbon prepreg has been selected, which is a very well-known aircraft material, 16 and its properties are listed in Table 1 .
A carbon fabric-woven/epoxy M21/46280 has also been used, and its properties are given in Table 2 . The following four different stacking sequences have been defined:
Stacking 1: [90, 45, 0 3 , À45, 0 2 , 45, 90, À45, 0] s , 6-mm thick for 24 plies. Stacking 2: [90 2 , À45 2 , 0 4 , 45 2 , 0 2 ] s , 6-mm thick for 24 plies. Specimen thicknesses are chosen as such that they are consistent with the laboratory test facilities and are also in agreement with the industrial ranges. These stacking sequences are oriented as such i.e. 50% plies at 0 , which match well with THE industrial stacking in such stiffeners. Stacking 1 is representative of an aeronautical industrial layup (symmetrical, well beaten, no delta at the interface greater than 45 , outside 90 plies to limit 0 plies damage in case of flank impact). Stacking 2 limits the number of different orientation at interfaces, which is important for the modeling phase, and it shortens the time required for numerical model development. Stacking 3 follows the same philosophy but has better buckling resistance due to 45 plies at the outside. Stacking 4 is equivalent with stacking 2 but it has a fabric woven instead of the two 90 outer plies. The initial goal is damage limitation, and this allows investigating the influence of residual strength for woven fabric.
Finally, the specimen size is representative of a reallife stringer structure i.e. 150-mm long, 60-mm high with 30-mm free outside boundary conditions ( Figure 4 ).
Impact experiment
Concept of experimental impact facility is to produce representative damage of what is actually produced during service life on composite structures. Impact tests are performed at a low speed with the help of a drop-weight, falling down on the four stacking sequences defined previously. As per the author's knowledge, no dedicated experimental setup exists for edge impacts; therefore, an original setup has been designed.
All tests are performed with the same hemispherical 16-mm diameter impactor weighing 2.368 kg. The specimen is clamped in a specifically designed edge impact tool ( Figure 4 ) and is locked at half of its height with a remaining clearance of 30 mm. The objective is to have a real representation of impact on a stiffener and at the same time to avoid fabrication of a costly stiffener. Furthermore, it remains consistent for the damage study preventing the damage to propagate up to the boundary conditions.
The edge impact tool is composed of a steel support and a shim ( Figure 4 ) allowing the specimen to be locked under constant pressure. This assembly represents a housing connection (30 mm high from the specimen locking position and 30 mm free under edge impact). Compared with boundary conditions of industrial structure, these boundary conditions will affect the impact resistance limiting the out-of-plane bending that is generally observed in a stiffener. However, it is the choice of the author to study the impact damage without any bending effect. Future works will deal with real-life structural specimens. This impact setup allows dropping a specific impactor from a defined high, which is fixed to a rail-guided carriage. The acquisition parameters of interest are initial speed and impact force.
Typically, because of the sensor position (between the mass and the impactor tip), the impact force (F real ) is not the one measured from load sensor (F measured ) but needs to be modulated according to the following equation (1), where m impactor is the impactor mass and m impactor_tip is the impactor tip mass
Impactor displacement is obtained with a double integration of the acceleration obtained from the force. 17 An initial idea of the specimen behavior during the impact test can be obtained from the forceÀdisplacement graph.
Impact kinetic energy is represented by the area under upswing part of the force (A-B, Figure 5 ), whereas the area under downswing part of the force (B-C, Figure 5 ) represents the elastic energy released. The difference between these two energies is the absorbed energy, which is represented by the area inside the forceÀdisplacement curve.
Indentation experiment
In parallel, a quasi-static study has been conducted in order to compare its results with those from the impact test with an aim to emphasize the damage phenomenon. The major interest lies on the control of the indentor displacement that allows comparison of the quasi-static and dynamic experiments for the same impactor displacement. An electromechanical 100 kN INSTRON 4206 device is used to carry out the experiments where force is given by the device sensor. The indentor displacement is measured with LVDT as close as possible to the impactor/indentor, and displacement speed equals 0.2 mm/min.
Controls
An ultrasonic check (C-scan) is carried out before impact to ensure that specimens are healthy ( Figure 6(a) ).
After impact, specimens are analysed with the help of three methodologies as presented in Figure 6 .
It has been observed that crack length can be measured on the top edge of the specimen (Figure 6(b) ) by visual inspection. Then, XR test is carried out to reveal cracks and delaminated area ( Figure 6(c) ). Finally, the specimen is cut, and microscope cross sections are performed ( Figure 6(d) ). Furthermore, these cuts undergo scanning electron microscopy, in order to visualize specific plies damage more precisely.
Cut sections have highlighted kink bands, 18 a local instability of fibers subjected to compression in fiber direction.
Results
Impact
Three energy levels of 10, 20 and 35 J are used to study the damage (Figure 7) for each stacking sequence. The forceÀdisplacement curves provide good explanation of the damage phenomenon. First of all, the force starts climbing sharply, and a maximum force is reached, after which it falls sharply but flattens off at a plateau of around 6000 N, whatever the stacking and the impact energy ( Figure 7) . The impactor displacement is finally inversed, the force suffers a drop and a permanent indentation remains. As discussed previously, this curve is similar to the crushing test curve, whereas the plateau can be compared to the crushing plateau. 14, 15, 19 To the author's knowledge, no other work has determined edge impact degradation modes and their chronology. An impact damage scenario is proposed where a leading role is given to the wedge effect and the development of kink bands followed by the creation of a crushing phenomenon (Figure 8(a) ). The wedge effect can be compared to the splaying effect of the crushing process (Figure 3(b) ), and the development of kink bands can be compared to the fragmentation mode (Figure 3(c) ).
. From step 1 to step 2: the contact surface between the impactor tip and the specimen grows. At the beginning, kink bands appear in the plies parallel with the impact direction (Figures 8(b) and 9 ). The force starts climbing sharply (almost linearly) up to the impactor force corresponding to a crushing stress (cf. § 4). . From step 2 to step 3: the force falls sharply due to crushing and a wedge effect appears, creating matrix shear cracks, that propagate through neighboring plies of different orientations (Figure 8(c) ). . From step 3 to step 4: the force reaches a plateau followed by interface delamination. The crushing progresses (Figure 8(d) ), and then a swelling appears when the cracks reach the outer plies (after about 0.5-mm impactor displacement). The remaining debris under the impactor helps to push the outer plies out of the side plane, and the swelling increases the delamination spread. . From step 4 to step 5: the discharge begins. The impactor changes its direction, and a gradual drop in stress value is observed. Permanent indentation and out-of-plane swelling remain. XR tests indicate that a considerable damage remains inside the structure.
In general, edge impact causes delamination of all interfaces. From a quantitative point of view, maximum crack length evolution (Figure 10 ), depth and surface delamination depending on the impact energy level can be represented.
Rationally, higher the impact energy, the larger is the crack length ( Figure 11 ). In addition, the crack lengths are almost identical for different stacking sequences, which can be due to high percentage of 0 plies (50%, except for the case 4 where it is slightly higher due to the 0 fibers of the woven plies) of the different stacking sequences studied in this paper. As the residual dent is predominant in the concept of damage tolerance, 6 it is essential to plot the delaminated area evolution versus this permanent dent. It represents a first approximation of the specimen damage due to the permanent indentation after impact ( Figure 12) .
Finally, the damage aspect can be drawn for each stacking. These illustrations show the wedge effect, the matrix transverse shear and interfaces delamination ( Figure 13 ).
Indentation
It can be clearly seen that there is no static/dynamic equivalence when the impact force-displacement and indentation curves are superimposed (Figure 14) for the stacking sequences proposed in this paper. This is even more striking when studying an equivalent indentation displacement than during impact with the help of XR (Figure 15 ). Furthermore, due to the impactor-displacement mastering, experiments were stopped, and cut sections were analysed showing propagation of kink bands on the first almost-linear force rise (Figure 16 ).
Explanation of impact damage scenario by analytical approach
To further elaborate the non static/dynamic equivalence, differences in stiffness can be noted at the beginning of each static and dynamic test ( Figure 14 ). Furthermore, a force plateau just after the stress peak can be identified on the impact graph. In this paper, an analytical determination of these phenomena is proposed, and the objective is to understand the damage phenomena and the non static/dynamic equivalence.
In scientific literature, 19 a similar force plateau following the stress peak appears in the crushing graphs. This force step represents a phenomenon similar to 'plasticity' during crushing experiment. It equals an average crushing stress value of À270 MPa multiplied by the contact area irrespective of the relative plies orientation to the load. This value is very close to the limit transverse stress of T700/M21: Y c ¼ À250 MPa. Y c can be seen as an equivalent average crushing stress c avg . The projected contact surface (impactor/ specimen) was studied on binocular magnifying glass pictures. An average-projected impact area was measured at S pi & 25 mm 2 (Figures 17 and 18) , whatever the stacking sequence and the impact energy level, except in the case of a 35 J impact. In this case, the outer plies are severely damaged, and a projected impact area determination is impractical due to the specimen damage. Furthermore, it has been observed that when the impactor displacement increases, the crushing of the outer plies does not occur due to the wedge effect and the opening of the outer plies ( Figure 18 ). As this damaged projected impact area is not the real contact area, it does not take into account the elastic contact (which does not induce crushing).
The surface S pi can be multiplied by the allowable stress through the transverse direction, and the crushing plateau force of approximately 6250 N is obtained.
This curve is superimposed on the impact tests curve for each stacking sequence (Figure 8(a) ), and a good match is obtained with the experimental results. This good correlation shows that the plateau is a crushing plateau, which is mainly controlled by the matrix properties and in particular its compressive limit stress.
In addition, the initial stiffness of the impact test is higher than the static one. In order to determine the impact stiffness, it is assumed that the stress in the plies depends on their orientation relative to the impact axis and proportional to the contact surface of each plies. At 0 , for the fiber perpendicular to the impact direction, it is assumed that the material is directly crushed at the beginning of the experiment, and the compressive limit stress is Y c ¼ À250 MPa. At 90 , for the fiber parallel to the impact direction, it is assumed that the fibers work to their maximum longitudinal compressive strength X c ¼ À1280 MPa (Table 1) . And for AE 45 plies, the stress X c is considered in the fiber direction and Y c in the transverse direction, resulting in component X 45 projected on the impact axis according to the following equation (Figure 19 )
where is defined in Figure 19 . For example, for a 0.3-mm impactor displacement in the stacking 2 specimen, the total contact area between the impactor and plies specimen is divided into 70% oriented at 0 , 27.5% oriented at 45 and 2.5% oriented at À45 ( Figure 20) . With this method, depending on the impactor penetration in the specimen, the dynamic force values are calculated from the curves shown in Figure 14 . It is then superimposed on the impact test curve for each stacking sequence as discussed previously, resulting in a good correlation with the experimental results, which shows that the initial impact stiffness is controlled by the fiber properties and, in particular, the limit compression stress.
In the quasi-static indentation, the following assumption has been made: the material is directly crushed with a lower stiffness than the stiffness of impact. The stress is then identical regardless of the ply orientation compared to the compression load, 19 and the stress value is equal to the compressive limit stress Y c . The static force for each stacking sequence can be obtained ( Figure 14 ) by multiplying Y c by the projected theoretical surface of the impactor, during the initial moments of the indentation experiment. This static force is superimposed on the quasi-static test curve for each stacking sequence, and a good match is obtained with the experimental results for a displacement of less than 0.5 mm. It can be inferred from the correlation that the initial static stiffness is controlled by the matrix properties and, in particular, the crushing stress.
Afterwards, for an impactor displacement higher than 0.5 mm, the curve cannot be obtained due to high level of damage. Indeed, the crushing plateau should be less pure than in the dynamic experiment, and the fibers should be alternatively compressed and crushed. 
Conclusion
Experimental edge impacts at 10, 20 and 35 J were performed with different stacking sequence specimens. Then, quasi-static tests were carried out in order to understand the phenomena and to compare the crushing behavior to the dynamic one. Regarding the damage scenario, studies lead to the following conclusions:
1. If fibers are oriented in the impact direction, then kink bands are created (dynamic and static). the force-displacement curves have similar initial stiffness. This initial dynamic force can be evaluated by multiplying the contact surface of each fiber orientation by the fiber compressive failure strength. Therefore, it can be concluded that the fiber properties control the initial impact stiffness (Figure 21 ). 3. In case of the dynamic test, regardless of the energy level (10, 20 and 35 J) and stacking sequence (1-4), a specific crushing plateau phenomenon appears. This crushing plateau can be modeled multiplying an average crushing stress of À250 MPa by an averageprojected area of impact S pi & 25 mm 2 (Figure 21 ). In this case, it can be said that the matrix properties control the crushing plateau ( Figure 21 ).
4.
Stacking sequence has a relatively small influence on the impact damage, which can be due to the fact that for each stacking presented in this paper, orientation of plies 0 is similar. Figure 18 . Impactor projected contact surface measurements. 
5.
There is no equivalence between static/dynamic edge impact. In static edge impact, the impactor shape quickly destabilizes the fibers and leads to the development of kink bands and a crushing phenomenon. 6. In the quasi-static indentation case, the material is directly crushed. The initial static force can be evaluated by multiplying an average crushing stress of À250 MPa by the projected theoretical surface of the impactor, during the initial phases of the indentation experiment. So, the properties of the matrix control the initial indentation stiffness (Figure 21 ). 7. The first peak in the indentation force curve is equal to the crushing plateau force value of 6250 N. Furthermore, the behavior after the impactor displacement of 0.5 mm is more difficult to explain. It can be assumed that there is a partial increase of the surface crushing; however, the authors have not verified this hypothesis.
This paper presents a novel and unique analytical approach to understand the edge impact and indentation damage scenario. The impact scenario can be explained with the help of the material properties, the stacking sequence and the impact energy. The presented methodology further elaborates the damage developed during edge impact and indentation experiments, the static/dynamic non-equivalence ( Figure 14 ) and the crushing plateau observed after the maximum dynamic force, which will help in future to determine the residual strength. Furthermore, experimental results presented in this paper will be compared with the results of explicit FE-based simulations. The future FE model will consist of interface elements to describe the matrix cracks and volume elements 20 in order to predict the residual strength after impact. Correct FE models will be a good substitute for expensive experiments and thus shortening the development time.
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